Abstract To have sex, or not to have sex, is a question posed by many microorganisms. In favor of a sexual lifestyle is the associated rearrangement of genetic material that confers potential fitness advantages, including resistance to antimicrobial agents. The asexual lifestyle also has benefits, as it preserves complex combinations of genes that may be optimal for pathogenesis. For this reason, it was thought that several pathogenic fungi favored strictly asexual modes of reproduction. Recent approaches using genome sequencing, population analysis, and experimental techniques have now revised this simplistic picture. It is now apparent that many pathogenic fungi have retained the ability to undergo sexual reproduction, although reproduction is primarily clonal in origin. In this review, we highlight the current understanding of sexual programs in the Candida clade of species. We also examine evidence that sexual-related processes can be used for functions in addition to mating and recombination in these organisms.
Introduction
The most commonly isolated human fungal pathogen is Candida albicans, an opportunistic fungus that causes both mucosal and systemic infections. C. albicans is a hemiascomycete that diverged from the model organism, Saccharomyces cerevisiae, between 100 and 900 million years ago [1, 2] . Originally believed to be asexual, it was assigned to the genus Candida; a catch-all grouping for yeasts that lacked sexual cycles or spore formation, and yet formed pseudohyphae or true hyphae [3] . It is now recognized that the majority of clinically important Candida species are related and can be grouped into a single clade [4, 5] (Fig. 1 ). All members of the clade share an altered genetic code, in which the CUG codon is translated as leucine as opposed to serine [6] . This clade still represents a diverse collection of organisms, however, with many different characteristics and lifestyles. While the ability of several of these fungi to cause disease is well documented [7] , other aspects of their biology have not been examined in detail. This is particularly true of the sexual programs of these organisms. Long thought to be asexual, it is now becoming evident that several Candida species exhibit unique, or at least highly modified, sexual cycles. Given their importance as human pathogens, it is now imperative to elucidate these sexual processes and determine their potential roles in colonization and infection of the mammalian host.
Sexual reproduction in Candida albicans
Candida species are the fourth leading cause of nosocomial bloodstream infections in the US, where they are responsible for 8-10% of all such infections [8] . This translates to 10,500-42,000 infections in US hospitals every year due to candidemia [7] . The most common cause of invasive candidiasis is Candida albicans, a commensal of the gastrointestinal tract in 70% of the healthy population [9] . Up until a decade ago, C. albicans was thought to be an asexual yeast, with no potential for undergoing mating or sexual reproduction. However, this paradigm was challenged when Hull and Johnson identified a genetic locus that resembled the classical mating type (MAT) locus in Saccharomyces cerevisiae [10] . The C. albicans mating type-like (MTL) locus contains transcriptional regulators of cell identity similar to those in S. cerevisiae; a1, a1, and a2, as well as an additional regulator, a2. The MTL locus of C. albicans is also much larger than that of S. cerevisiae due to the presence of additional genes that encode phosphatidylinositol kinases (PIK), oxysterol binding proteins (OBP) and poly A polymerases (PAP) [10] . The contribution of these additional genes to mating in C. albicans is not known. The standard laboratory strain of C. albicans, SC5314, was shown to be a diploid a/a cell, and so Hull et al. subsequently used genetic deletions to construct a-and a-type strains to test for potential mating [11] . At the same time, the Magee group utilized sorbose medium to induce homozygosis of chromosome 5 (containing the MTL locus) to generate a/a and a/a derivatives of SC5314 [12] . Both groups were successful in showing mating of C. albicans a and a cells using either an in vitro or in vivo approach, although mating occurred at very low frequencies [11, 12] .
Miller and Johnson subsequently discovered an unsuspected link between mating and another phenomenon in C. albicans, that of white-opaque phenotypic switching. White-opaque switching was first described by Slutsky et al. more than 20 years ago, in which a subset of C. albicans strains was shown to switch between two alternative states. In one state, cells were round and gave rise to white, dome-shaped colonies ('white' phase), while in the other state cells were elongated and gave rise to flatter, translucent colonies ('opaque' phase) [13] . The white and opaque forms differ in many characteristics other than morphology, as white cells are more virulent during systemic infection [14] and secrete a neutrophil chemoattractant [15] , while opaque cells are more efficient at colonizing the skin [16] and are less readily phagocytized than white cells [17] . Miller and Johnson further showed that overall regulation of the white-opaque switch involved a1 and a2 regulators encoded at the MTL locus [18] . Cells expressing these factors were blocked from undergoing switching to opaque due to the function of the a1/a2 repressor. As a direct result of this regulation, only strains homozygous for MTLa or MTLa, approximately 3-9% of clinical isolates, are naturally competent for switching [18] [19] [20] .
More recent studies have further elucidated the mechanism underlying the bistable white-opaque switch. In particular, it is now apparent that the a1/a2 complex prevents switching to opaque by blocking expression of whiteopaque regulator 1 (Wor1) protein, the master regulator of the switch [21] [22] [23] . Other transcriptional regulators involved in the white-opaque switch include Czf1 and Wor2, which favor the opaque state, and Efg1, whose expression favors the white state [24] [25] [26] [27] . Zordan et al. suggest a working model in which interlocking transcriptional feedback loops regulate white-opaque bistability [27] . Wor1 and Czf1 act to repress Efg1, while conversely Efg1 acts to repress Wor2 which, in conjunction with Wor1, is critical for stabilization of the opaque state [27] . Understanding the precise interplay between all of these factors will lead to a more detailed picture of this novel regulatory circuit and the regulation of white-opaque switching.
In addition to the complex transcriptional regulation of white-opaque switching in C. albicans, a number of external factors can also affect rates of switching. Temperature [13] , oxygen [28, 29] and carbon dioxide [30] , as well as genotoxic and oxidative stress [31] , have all been shown to influence this transition. Even varying the rate of growth of some strains can affect white-opaque switching [31] . Although the precise mechanism(s) by which these diverse factors influence switching has yet to be established, all appear to impinge on Wor1 at some level as switching to opaque has not been observed in the absence of this protein [29] [30] [31] . Recent work in the Soll group has further shown that N-acetylglucosamine can induce switching from white to opaque [32] . Switching is augmented by carbon dioxide and occurs readily even at 37°C, a temperature at which opaque cells are normally unstable, at least in vitro [32] . These conditions may mimic those found in the gastrointestinal (GI) tract where the endogenous microbiota serve as Genomic evidence refers to the presence of genes predicted to be involved in mating from sequencing data. Population evidence refers to evidence of mating based on population structure analysis. Plus/ minus indicates that the data is contradictory or inconclusive.
Question marks indicate where data is lacking. The phylogenetic tree is for comparison purposes only and is not drawn to scale a potential source of N-acetylglucosamine. These results also support earlier reports of stable opaque cells during GI colonization, which can promote C. albicans mating in this niche [28] . Further studies are necessary to see if mating occurs preferentially during GI colonization, or whether other host niches also support switching to opaque and subsequent mating. Once a and a cells have switched to the opaque state, the conjugation process in C. albicans closely mirrors that in S. cerevisiae. Cells produce sex-specific pheromones, MFa and MFalpha, that are sensed via the cell surface receptors, Ste3 and Ste2, respectively [33] [34] [35] . The pheromone secreted by a cells, MFa, is a prenylated 14 amino acid peptide, and is likely to have a limited diffusion range [33] . In contrast, a-pheromone (MFa) is an unmodified 13 or 14 amino acid peptide potentially capable of diffusing longer distances. The combination of one prenylated and one unmodified pheromone for regulating mating appears to be conserved amongst the ascomycetes [33] .
Pheromone signaling results in arrest in G1 of the cell cycle and leads to the formation of polarized mating projections [36] . Subsequent cell-cell fusion and nuclear karyogamy produces mononuclear tetraploid cells [37] . Many putative mediators of cell fusion in C. albicans are untested, although it is probable that factors involved in mating and cell fusion in S. cerevisiae have a conserved function in C. albicans, particularly given their increased expression in pheromone-treated cells [34] . C. albicans mating products are typically stable tetraploid cells that can undergo multiple rounds of mitosis, but genome stability can be compromised under certain environmental conditions (discussed below).
In addition to traditional heterothallic mating between an a cell and an a cell, C. albicans was recently shown to be capable of homothallic mating between cells of the same sex (i.e., a-a or a-a mating). In particular, C. albicans a cells were found to secrete not only the canonical a-pheromone but also functional a-pheromone [38] . Normally, the aspartyl protease Bar1 acts to degrade this a-pheromone and thereby prevents auto-activation of the mating pathway. In the absence of this protease, however, C. albicans a cells initiate mating even though a partner cells are not present. This mechanism involves autocrine pheromone signaling in which a-pheromone secreted by a cells binds to the Ste2 receptor on the same (or neighboring) a cells. Upregulation of the mating program occurs and further augments a-pheromone production (Fig. 2) . The induction of the mating response results in a cells being able to fuse with other a cells, providing C. albicans with a mechanism for mating even within unisexual populations. It is postulated that inactivation of Bar1 protease also occurs in certain host niches, thereby activating autocrine signaling and same-sex mating of a cells in vivo [38] .
Homothallic mating is not limited to a-type cells of C. albicans, as both a-a and a-a mating products were obtained upon co-incubation of wild-type a and a cells, in addition to a-a products [38] . Same-sex mating is presumably due to the high concentrations of both a-and a-pheromones produced in these mixed populations of cells. Furthermore, a cells were able to induce mating in a cells even when acting at a distance, or when present only in limiting amounts [38] . Taken together, these studies indicate that pheromone induction of the mating response, whether involving a or a cells, is necessary and sufficient for same-sex fusion of C. albicans cells.
The parasexual cycle of C. albicans
Most sexual organisms complete a mating cycle and decrease their ploidy via meiosis; DNA replication is followed by two successive rounds of DNA division, effectively halving the number of chromosomes in the cell. In higher eukaryotes, this process results in the formation of gametes, which then fuse to form the diploid embryo. In fungi, meiosis is also used to reduce the ploidy of the cell and is again accompanied by high rates of homologous recombination. Surprisingly, however, a traditional meiosis has not been identified in C. albicans, and instead ploidy is reduced through a mechanism of concerted chromosome loss [39] . Although tetraploid C. albicans cells are generally stable on most media, if grown under select conditions (e.g., S. cerevisiae pre-sporulation medium at 37°C) genomic instability is induced and cells with lower ploidy are generated. Interestingly, most of the progeny formed by this parasexual cycle are not true diploids, with many aneuploid products recovered from the process [39, 40] . Instability of tetraploid cells was similarly observed during infection of a mammalian host using a mouse model of systemic candidiasis. These results suggest that the parasexual program of concerted chromosome loss may also occur in vivo [41] . The parasexual cycle can generate recombinant products similar to a traditional meiosis, as a subset of parasexual progeny showed multiple recombination events [40] . In addition, this process appears to utilize at least one 'meiosis-specific gene', that of SPO11. In many eukaryotes, Spo11 serves to introduce DNA double-strand breaks that initiate meiotic recombination (for review see [42] ). In C. albicans, Spo11 is similarly required for recombination during the parasexual process of concerted chromosome loss. It remains to be seen if additional genes that function exclusively in meiotic recombination in other species are also required for parasexual recombination in C. albicans. We note that it is also possible that a traditional meiosis has yet to be discovered in C. albicans, or that the parasexual cycle involves a subset of cells undergoing meiosis and recombination while the remainder undergo a form of mitotic nondisjunction. Clearly, much remains to be uncovered about this critical step in the parasexual cycle of C. albicans.
Regardless of the mechanism, the parasexual program produces recombinant C. albicans strains with altered genotypes to the parental types [40] . Progeny strains exhibit varied properties in filamentation, growth rate, and whiteopaque phenotypic switching [31, 40] . Further characterization of these progeny will provide new insights into how changes at the genomic level can lead to changes in C. albicans virulence. One particular area of interest is that of resistance to antifungal drugs, as it has already been established that aneuploid chromosomes (e.g., trisomies of chromosome 5) can increase resistance to the antifungal drug, fluconazole [43] . It therefore seems likely that a subset of parasexual aneuploid strains will also exhibit increased resistance to the azole class of drugs. Whether the parasexual mating cycle generates drug-resistant isolates of C. albicans in the clinic is a question for future studies.
Sex in C. albicans: unanswered questions
Despite the progress made in understanding the mating cycle of C. albicans since its discovery 10 years ago, many questions remain. Where are the niches where C. albicans undergoes white-opaque switching, mating, and parasexual chromosome loss in vivo? And are these processes facilitated by interactions with the host microbiota? Population analysis of natural isolates of C. albicans show that these strains exhibit mostly clonal modes of reproduction, although levels of recombination suggest either occasional mating or mating events have occurred in the recent past [20] . Whether same-sex mating is occurring in natural populations and with what frequency has yet to be investigated.
Another important question relates to the evolution of the Bar1 protease and how it emerged to regulate the balance between homothallic (same-sex) mating and heterothallic (opposite-sex mating) in C. albicans. In S. cerevisiae, Bar1 also acts to degrade a-pheromone [44] , but there is no evidence that it inhibits same-sex mating within populations of MATa cells. One difference between C. albicans and S. cerevisiae that is relevant here is that many S. cerevisiae cells undergo mating-type switching but C. albicans strains do not [45] . Thus, S. cerevisiae strains expressing HO endonuclease are competent for matingtype switching and thus exhibit pseudo-homothallism and inbreeding within the population. Given that mating-type switching does not occur in C. albicans, potential autocrine signaling and same-sex mating offer an alternative mechanism by which these strains can undergo sexual reproduction even in unisexual populations. Clearly, it will be revealing to see if Bar1 also regulates homothallic mating in other species from the Candida clade, and if this protease evolved to limit such mating events in yeast.
How does mating take place if the majority of natural isolates are a/a and hence unable to switch to opaque? One interesting possibility is that even a/a cells may be able to form opaques under certain conditions in vivo. Decreased expressed of HBR1 (hemoglobin response gene 1) has been shown to alter expression of the MTL transcription factors a1, a1, and a2. The result of altered MTL expression is that a/a cells behave phenotypically as a cells, and are therefore able to switch to opaque and undergo mating [46] .
What advantages could a parasexual cycle provide for C. albicans in contrast to a traditional meiotic program? One hypothesis is that a conventional fungal meiosis results in the formation of spores, and creating these highly antigenic structures may be undesirable for a organism with a commensal lifestyle [47] . A second possibility is that the aneuploid products formed by the parasexual process provide an advantage for C. albicans, which has shown a remarkable ability to utilize aneuploid chromosomes. In fact, aneuploidy is a common method by which C. albicans can adapt to a variety of environmental stresses. By proceeding through a parasexual cycle rather than a traditional meiosis C. albicans may allow multiple aneuploid combinations to be generated, and those with increased fitness could be selected for after completion of the mating process.
Comparative analysis of the MTL locus in the Candida clade
Cell-type identity in yeast is controlled by transcription factors expressed at the MAT/MTL locus. In the case of C. albicans, a2 is required for expression of a-specific genes, a1 is required for expression of a-specific genes, and a1/a2 acts to inhibit mating (and white-opaque switching) in a/a cells [48] . This appears to be the ancestral configuration for cell-type control in the hemiascomycete yeast. In contrast, in S. cerevisiae the a2 gene has been lost and a-specific genes are expressed by default. In addition, a cells repress a-specific genes through the action of a2 and Mcm1, although a-specific genes are under the control of the a1 gene, similar to C. albicans [49] . All of the Candida clade species also contain homologs of the PAP, PIK, and OBP genes at the MTL locus, while these genes are absent from the MTL loci of other hemiascomycete yeast, including S. cerevisiae [5] .
Examination of the MTL locus amongst the Candida clade has revealed a surprising variation in the genes present at this locus. For example, in the branch of the tree containing Candida guilliermondii and Debaryomyces hansenii the a2 gene has been lost, while C. guilliermondii has also lost the a1 gene [5] . The absence of these factors is not due to loss of mating in these species, as both C. guilliermondii and D. hansenii undergo sexual reproduction. Similarly, C. parapsilosis lacks an intact a1 gene, although mating has yet to been identified in this species (discussed below). The most striking change in MTL configuration, however, has occurred in Lodderomyces elongisporus. This species also belongs to the Candida clade and was recently isolated from bloodstream infections [50] , yet is lacking all four MTL transcription factors. Despite this deficiency, L. elongisporus is still thought to undergo a complete sexual cycle. These changes at the MTL loci further underline the plasticity of sexual regulation, and will require further studies to establish how cell type is defined in species with altered complements of transcriptional regulators.
Evidence for mating and sexual reproduction in the Candida clade
Several Candida species have now been shown to undergo mating and meiosis, while for others population studies indicate that sexual reproduction is at least a possibility. The species most closely related to C. albicans, Candida dubliniensis, exhibits strong similarities in its mating program, including the necessity for white-opaque switching [51] . So far, these are the only two species in which whiteopaque switching has been observed. Although many fungal species contain homologs of WOR1, it appears that the function of this gene varies significantly from species to species. For example, expression of C. albicans WOR1 in S. cerevisiae resulted in increased adherence to polystyrene [52] . In contrast, in the distantly related basidiomycete Histoplasma capsulatum, the WOR1 homolog RYP1 is involved in regulating the yeast-hyphal transition [53, 54] . Furthermore, in the filamentous ascomycete Fusarium oxysporum, the WOR1 homolog SGE1 does not regulate a morphological switch, but is a putative regulator of genes necessary for infection of the plant host [55] . Clearly then, Wor1 homologs can function in a variety of pathways, but aside from these few examples little is known about this family of transcription factors, and function has not been described in other species from the Candida clade.
In the case of C. dubliniensis, work from the Soll group has demonstrated that MTLa/a, MTLa/a, and MTLa/a strains exist, with a higher proportion of natural a/a or a/a isolates than C. albicans. It seems likely that the mating cycle in C. dubliniensis is completed by a similar parasexual mechanism to that of C. albicans, and in fact opaque cells of C. albicans and C. dubliniensis can readily mate with one another, although it is not clear that such interspecies crosses occur in nature [51] . C. dubliniensis is also a comparatively rare pathogen of humans despite its close relationship to C. albicans, and genomic studies indicate this may be due to expansion of the TLO and IFA gene families only in the C. albicans lineage [56] . These families encode for putative transcription factors and transmembrane proteins respectively, with TLO genes linked to the control of morphogenesis in both C. albicans and C. dubliniensis [56] .
The haploid species Candida lusitaniae and Candida guilliermondii are the closest relatives to C. albicans that have defined sexual cycles that cumulate in meiosis and the formation of ascospores [5, 57] . Both Candida species are potential human pathogens, but are only rarely encountered in the clinic [7] . In fact, the haploid species from the Candida clade (Cl, Cg, and Dh) are infrequent pathogens when compared to the diploid Candida species (Ca, Cp, and Ct, in particular) (see Fig. 1 ). It remains to be seen if ploidy changes enhanced their development as human pathogens, perhaps by promoting the expansion of gene families associated with virulence.
A recent study by Reedy and Heitman examined the mating cycle of C. lusitaniae in detail [57] . Despite this species lacking many of the genes necessary for meiosis in S. cerevisiae (including the master regulator IME1 and multiple components of the synaptonemal complex), C. lusitaniae was able to undergo efficient sporulation and associated recombination. Spo11 was integral to both processes, consistent with C. lusitaniae exhibiting a true meiotic program [57] . Curiously, sporulation in C. lusitaniae resulted in the formation of dyads as opposed to tetrads typically formed during S. cerevisiae sporulation. Furthermore, a large fraction (*30%) of C. lusitaniae spores contained aneuploid or diploid nuclei, rather than true haploid nuclei. It is possible that the absence of many conserved meiotic components has reduced the fidelity of meiosis in C. lusitaniae, thereby leading to increased rates of chromosome nondisjunction. Further understanding of the molecular mechanism of meiosis in C. lusitaniae may therefore shed light on the most fundamental aspects of this process.
The only diploid species from the Candida clade shown to undergo mating (other than C. albicans/C. dubliniensis) is the homothallic organism L. elongisporus. This species is a conundrum; reports suggest it can form ascus structures from a single yeast cell (an indication of homothallic mating) [50, 58] , and yet the MTL locus has lost all of the transcription factors that regulate mating in other yeast [5] . If L. elongisporus does mate, it may involve a mechanism of autocrine pheromone signaling analogous to that in C. albicans ( [38] and Fig. 2) . The L. elongisporus genome contains only one type of pheromone gene (encoding a-pheromone) and one pheromone receptor gene (homolog of STE2, encoding the a-pheromone receptor). Confirmation that autocrine pheromone signaling regulates mating in L. elongisporus would also suggest that this mechanism is likely to be encountered in the mating cycles of other homothallic fungi.
Are there truly asexual species in the Candida clade?
Sexual cycles have yet to be identified for several Candida clade species, including the important human pathogens C. parapsilosis and C. tropicalis. Recent population studies have indicated that some 'asexual' Candida species may be recombining, or have at least undergone sexual recombination in the recent past. In the case of C. tropicalis, this species contains a similar repertoire of mating and meiosis genes to C. albicans with two notable exceptions. One, C. tropicalis lacks the GTT1 gene involved in spore assembly, and two, this species contains ten genes all predicted to encode a-pheromones [5] . It remains to be seen if the genes implicated in mating and meiosis are retained in C. tropicalis because of a yet undiscovered sexual cycle, or because they have been reprogrammed for a different function. The presence of large stretches of homozygosity within the genome, however, suggests that a sexual cycle could exist [5] . In addition, multi-locus sequence typing (MLST) studies of C. tropicalis isolates resemble those of C. albicans; isolates exhibit a largely clonal mode of reproduction but with sufficient recombination to implicate sexual reproduction [59] .
For the closely related species C. parapsilosis, the picture is even less clear. C. parapsilosis fails to encode a functional a1 gene [60] , although absence of a1 does not preclude sexual reproduction as seen in C. guilliermondii. However, the low numbers of SNPs (single nucleotide polymorphisms) and the lack of long stretches of homozygosity indicate the absence of heterothallic reproduction, although a modified homothallic cycle cannot be ruled out [5] . In contrast, two closely related species to C. parapsilosis, C. metapsilosis and C. orthopsilosis, have population structures that are highly recombinant consistent with a sexual cycle [61, 62] . For example, amplified fragment length polymorphism analysis (AFLP) of C. metapsilosis isolates showed a high percentage (80%) of polymorphic bands and pairwise genetic distances were consistent with recombination and possible sexual reproduction. In contrast, C. parapsilosis showed a predominance ([80%) of monomorphic bands, supporting a strictly clonal population structure [61] . The third family member, C. orthopsilosis, shows an intermediate level of polymorphic AFLP fragments (75%) and analysis of pairwise genetic distances provides evidence for both clonality and recombination [62] . Clearly, further analysis of these species, including direct experimental approaches, will be needed to confirm if sexual reproduction is occurring in these species.
Alternative uses for sexual machinery in Candida species
The benefits for organisms undergoing sexual reproduction are thought to include increased recombination and hence the ability to adapt to changing conditions [63] . It is now evident, however, that the complex molecular processes involved in sexual reproduction can also be beneficial for other functions in the cell. In extreme examples, it is possible that sexual machinery has been retained for uses other than mating and recombination. This discussion is particularly relevant to species from the Candida clade, where mating may have been lost in members of the clade but mating-related functions retained for processes relevant for pathogenesis.
One example of this functional overlap is the whiteopaque phenotypic switch in C. albicans; switching to opaque is necessary for mating but opaque cells are also better suited for evasion of the host immune system. As mentioned earlier, white cells, but not opaque cells, secrete a chemoattractant for polymorphonuclear lymphocytes (PMNs), and white cells are also phagocytosed more efficiently than opaque cells by macrophages [15, 17] . Thus, independent of its role in regulating mating, switching to the opaque form may provide a direct benefit for C. albicans cells by enabling them to avoid clearance by host defenses [64] . One caveat to this argument, however, is that opaque cells appear to be more sensitive to oxidative stress, and so under some conditions may actually be more susceptible to killing by phagocytic cells than white cells [65] .
A second example of the use of the mating apparatus for a non-reproductive function involves the pheromonesignaling pathway in yeast. In both S. cerevisiae and C. albicans, components of the pheromone MAPK (mitogen-activated protein kinase) cascade are also required for filamentation in response to environmental cues [66, 67] . The outputs of these two pathways appear very different at first sight; one results in activation of the mating program while the other leads to hyphal (or pseudohyphal) growth. However, this signaling configuration may be beneficial in some instances, as low concentrations of pheromone induce S. cerevisiae to undergo a form of filamentous growth that can also enhance their ability to find a mating partner [68] .
In C. albicans, downstream targets of the pheromonesignaling cascade have also been shown to play an important function in non-mating cells. In the opaque state, cells can both secrete pheromones and respond morphologically to pheromones by undergoing polarized growth. In contrast, white cells do not obviously secrete pheromones but can still mount their own unique response to pheromones produced by opaque cells. White cells exhibit increased adhesion and biofilm formation on synthetic surfaces due to the upregulation of multiple factors that are not induced in opaque cells [69] [70] [71] [72] . It is speculated that the differential response of white and opaque cells may have evolved to promote mating in the mammalian host. Biofilm formation by responding white cells could stabilize pheromone gradients produced by opaque cells and enable potential opaque partners to come together across greater distances [69] . Recent studies have suggested that this mechanism is not limited to mixed populations of mating cells, but that pure populations of MTLa white cells may also be able to auto-activate the pheromone response and thereby enhance their ability to form biofilms [71, 72] . The mechanism by which white a cells undergo auto-activation of pheromone signaling has yet to be demonstrated, but could involve autocrine signaling similar to that uncovered in opaque cells (see Fig. 2 ; [38] ).
A closer inspection of white and opaque cells suggests that the Bar1 protease may play an important but differential role in regulating the response to pheromone in these two cell types. The BAR1 gene is highly induced in opaque a cells treated with a-pheromone, while it is either not induced or is induced only weakly in white cells [73, 74] . As a result, high levels of Bar1 act to inhibit same-sex mating between opaque a cells, while inhibition or sequestration of Bar1 is predicted to promote self-mating in certain host niches (Fig. 3) . In contrast, the limited expression of Bar1 in white cells may be easily overcome by a-pheromone, leading to activation of the signaling cascade and more efficient biofilm formation. White a cells may therefore be generally sensitive to a-pheromone due to the lower levels of Bar1 secreted, a model that is now testable. Additional studies will be necessary to determine whether white cells are able to respond to pheromone produced endogenously (i.e., via autocrine signaling), or whether white cells require the presence of pheromonesecreting opaque cells in order to undergo enhanced biofilm formation.
Overall, these experiments indicate an unexpectedly close link between the mechanisms involved in mating, phenotypic switching, and biofilm formation in C. albicans. Given that biofilm formation is both a major virulence determinant for C. albicans and also mediates drug resistance [75] [76] [77] , these studies will have important ramifications for understanding the wider role of pheromone signaling in pathogenesis.
Conclusions
The Candida clade of species provides a challenging backdrop for understanding sexual reproduction. While originally designated as obligate asexual organisms, this clade is now recognized as containing fully sexual species, parasexual species, and those with population structures that are consistent with yet undiscovered sexual cycles. It therefore seems likely that strictly asexual species are the exception, rather than the rule, in this collection of medically important fungi.
Furthermore, even within the Candida clade there is now evidence for a wide variety of mechanisms regulating sexual biology. The most dramatic example of this is seen in C. albicans and C. dubliniensis where mating is uniquely regulated by white-opaque switching. Additional differences are seen at the MTL loci, where transcriptional regulators of cell identity have been lost in some species, or else reprogrammed to work via alternative transcriptional circuits. The molecular machinery involved in directing meiosis in species such as C. lusitaniae is also quite distinct from that in model yeast. Taken together, these findings emphasize the plasticity inherent in sexual programming, and that studies of the Candida clade of species are likely to unveil further revelations about mechanisms regulating mating and meiosis.
Finally, we emphasize that accumulating evidence shows that sexual biology is not limited to the generation of recombinant progeny. Candida species have not only evolved distinct ways of undergoing sexual reproduction but often utilize sexual processes for other functions associated with their diverse lifestyles. In several cases, there are now direct observations linking mating-related mechanisms with pathogenesis, particularly with respect to their roles in filamentation, adhesion, and biofilm formation. Given the importance of these mechanisms for infection, we propose that the pleiotropic use of sexual processes is also likely to be uncovered when analyzing the function of 'mating-specific' genes in other microbial organisms.
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